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# Outline

= Introduction
= Model for Optimization of Integrated Luminosity

= Optimization of antiproton production
> Timing of transfers
» Partial mining
= Other operational improvements
» Reducing collider shot setup time
» Increasing proton brightness
> Consistency / reliability

= Results
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Proton injection for Tevatron store

Main Injector

Accumutor (8 GieY) H- from Linac ino
Debuncher (B GeV) Linac Booster stripped of e's

on 1st turn for multi-turn
. Booster  injection - typically load

~10 turns in Booster for
protons to Tevatron
( /./.f.__ Tev Extraction
Target Collider Abors
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B0 Deteckar
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Accelerator Highest Energy
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Antiproton production
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2 Antiproton storage

Antiprotons accumulated in Accumulator
(stack) and then transferred to Recycler  Accumulator (8 Gev'
(stash) for storage and momentum cooling Debuncher (B GeY) Linae

D } Booster

¥ |
|
1 i

Main |njctor

150 Gey How does electron cooling work?

The velocity of the electrons 1s made equal to the average

Recycler velocity of the ions.

The 10ns undergo Coulomb scattering in the electron
“gas” and lose energy, which 1s transferred from the ions
to the co-streaming electrons until some thermal
equilibrium 1s attained.
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Electron Electron
Gun Collector
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.{ —, Storage ring

lon beam 1-5% of the ring
circumference

Sergei Nagaitsev (Fermilab/AD)
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# Definitions
= Stacking/Stack:

» Producing antiprotons and storing them in the Accumulator
storage ring, where they are cooled stochastically

= Pbar (p) Transfer:

> The transfer of antiprotons from the Accumulator to the
Recycler

= Stashing/Stash:

» The process of accepting antiprotons in the Recycler and
cooling them (electron cooling) to prepare for more transfers
until the stash is large enough to begin collider shot setup

= Store:

> A colliding set of protons and antiprotons in the Tevatron
= Collider Shot Setup:

» The process of loading a store into the Tevatron
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# Luminosity

Protons and Pbars at HEP

For an intersecting storage ring
collider, the instantaneous luminosity is

given by:

L = fﬂN]Nz/A
where
f: revolution frequency (47kHz)

n: number of bunches in one beam in
the storage ring (36)

N, (1) : number of particles in each
bunch (~101, 1010) rl

A(1): cross section of the beam R
(beam width ~ um) '

L (1032cm-2s1or 0.1 nb'l/s)

Integrated luminosity: [d* L (pb™)
—[. | . | . | ‘ |
.

DPF 2009 Mary Convery - FNAL



DPF 2009

het

Model for Optimization of Integrated
Luminosity
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# Model Introduction

= From the beginning of Run IT to nearly a year ago

» Emphasis was placed on increasing initial luminosity
* Incorporation of upgrades
- Increasing antiproton production rate

= Present day
» Complex is more stable, conditions more reproducible
> Allows us to use this model to optimize integrated
luminosity
= How are we optimizing integrated luminosity?

» Presuming stable beam conditions, the limiting factor
becomes antiproton production rate

> By using recent historical data to model the accelerator
complex performance, we find the optimal use of
antiprotons for maximizing integrated luminosity

DPF 2009 Mary Convery - FNAL
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# Model Assumptions /Parameters

= Proton Parameters are kept fixed
» Proton beam conditions have little variation
+ Intensity ~320 x10° per bunch
- Emittances ~16-17 n mm-mrad at 8 GeV
= Luminosity Parameters
» Using historic data to obtain
» Initial luminosity dependence on number of antiprotons in stash
- Typical luminosity lifetime behavior (~independent of initial lum)
= Antiproton Parameters
> Effective production rate
- Stacking rate
* Pbar transfer efficiency
- Lifetimes in both Accumulator and Recycler
* Interruption to stacking during pbar transfers
> Efficiency of antiproton transfers to Tevatron

DPF 2009 Mary Convery - FNAL 12
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Modeled Production and Integration

Model Output
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Collider Shot Setup| 12
~— e
S 250
= I 10 o
= Q
£ 200 ' =
‘g_ Target level r—’—J b %
£ 150 for transfer £
< from ’___/—J | _./—J 6 E
Y=
S 00 :f\cc.umulq'l'or' < Store Integration [ b
5 to Recycler 4 %
£ :
3 -
Z 90 J’ 2 5
0 | 0
0.00 5.00 10.00 15.00 20.00

Time [hours]

DPF 2009 Mary Convery - FNAL

13



Response of the model

* 40x10!9/hr antiproton production rate
%0 T+ 30x100/hr or -
L riven by antiproton
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2 _ Y ruminosi’ry lifetime
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# Output of model using actual conditions

= Antiproton production rate of 30x101/hr
= Collider shot setup time of 1.5 hours

- 80
0 LRI oy
= 70 o s
L .
Z- = -
B 60 o Satoes
o whe
g 50 e
3 e
— 40
S
£ 30 o
[ . b *
?_? 20 2
c ~375 x1010
= 10
>
X
8 0] T T T
g (0] 200 400 600

Number of antiprotons (stash size) [1010]

= Predicts optimal target stash of 375 x10!9 antiprotons
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ke Model week (predicts integrated lum ~76pb )
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Actual "perfect” week (73pb1)
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Tool used for Daily Decision Making

%+ Instantaneous luminosity
x+ Integrated luminosity
Stack
' o Stash
Total antiprotons

16 —

15 ——-600

. L 500
240§
220 ;
200 10 ——400

180 7

160
— 300

Integrated luminosity [pb-']
Number of antiprotons [1017]

140

6 —
Must be able to
reliably put in
another store

120

100 T

80T

Instantaneous luminosity [1032cm2s]

E0
402 A

2014
g +

T T T T T T T
o] 5 10 15 20 25 30 a5 40

Hour into store 6564

Fit luminosity decay of
current store

Predict integrated luminosity
of next 2.5 hours of current
store

Predict initial luminosity of
new store from current stash
based on historical data

Predict intfegrated luminosity
in first hour of new store

«— (1.5 hrs shot setup) based on
historical data

= Compare (current) vs (ss+new)
~600 nb! ~800 nb-!

*  When we reach the optimal target stash size based on the model, this
tool confirms that we will be integrating more by terminating the

existing store and putting in a new one
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Tool used for Daily Decision Making

»+ Instantaneous luminosity

=+ Integrated luminosity 16 —
Stack

o Stash
Total antiprotons

15 ——-600
14

13
L 500
240 12

230+ 4 114

200 10 —4—400

180 9 —

160 8 -

Integrated luminosity [pb-']

— 300

1407 7 —

1207

100 — 200

Instantaneous luminosity [1032cm2s]

— 100

5 10 15 20 25 30 35 40
Hour into store 6975

Number of antiprotons [1017]

Fit luminosity decay of
current store

Predict integrated luminosity
of next 2.5 hours of current
store

Predict initial luminosity of
new store from current stash
based on historical data

Predict intfegrated luminosity
in first hour of new store
(1.5 hrs shot setup) based on
historical data

Compare (current) vs (ss+new)
~750 nb! ~790 nb-!

»  Also use this tool when significant stacking downtime
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# Model summary

= Tools are in place for
> Weekly optimization of integrated luminosity
» Store-by-store operational decisions

= Gives us insight as to what areas to attack to
improve integrated luminosity

= Directs our response to interruptions of our
standard operating conditions

= As improvements are made to the complex, the
model parameters are revisited to ensure that we
are optimized

Mary Convery - FNAL
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Optimization of antiproton production
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aF Optimizing pbar transfers
= Stack size at which a transfer is initiated -
> Stacking rate declines as stack size i oo
increases s:f Tk O rvos
» Transfer from Accumulator to ik !
Recycler 2
» Percentage of antiprotons removed E

from the stack (depends on stack size, ig;-:-,;-_"'
number of individual transfers in a set) &35
» Transfer efficiency to the Recycler

» Impact on overall stacking rate
(non-stacking time during the transfer process)

> Lifetime in Recycler
» Cooling between last transfer and collider shot

R

a“,u.
.
:

= Optimized with set of 2 transfers initiated when stack reaches
~25x1010

> Pr'eviouslx had varying number of transfers from ~40x1010
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Rapid pbar transfers

FE
L.

especially non-stacking time,

l

Reduced time needed for transfer
while maintaining good efficiency
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# “Partial mining"

= Ability to extract ("mine") only a percentage of the Recycler
stash without compromise of cooling or lifetime

> RF manipulations separate beam to be extracted from beam to
be left behind

> Are limitations on amount can extract / leave behind (20%-80%)

Beam
left Beam

behind / Jrrr?int:aii

X 324
Ry
— |6 3 T —
g N
248
\ y, 248
Y

Max Length ~ 492
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= Motivation:

FE
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Partial mining

» Improve antiproton production rate
- Small stack = higher stacking rate

- More efficient transfer to the RR
from smaller stack sizes

» Improve the flexibility of the Collider

DPF 2009

program

- Allows to tailor shots to the
Tevatron if problems develop

- Faster store turn-around

- Reach the target stash
sooner after a failure

Mary Convery - FNAL
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2= Summary of Maximizing Antiproton Production

= Ttems addressed:
» Optimized number of stacking cycles (when Yo initiate transfer)
» Reduced time needed for transfer
» Partial mining

= along with increased protons on target and a long list of machine
Improvements...
Average Pbar Accumulation Rate

Lo e e o R I e I )
B I = e e TR R %= R ¥ B |
L o e T = = " I — ¥

Awerage Accumulation Rate (e 10/hour)

[}
[=1]

(%]
i

Plod e

2002 2003 2004 2005 2005 2007 2008 2009

[=]
=1
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Other operational improvements

DPF 2009 Mary Convery - FNAL

27



# Optimizing Proton Brightness

N,N, intensity/emittance = brightness
L o< (more beam in smaller area)

(g, + &)

= TIncrease brightness by increasing intensity and/or decreasing emittance
= Pbar brightness >> proton brightness leads to stronger beam-beam effects

> brighter protons for reduced beam-beam effects, also allowed removal
of intentional pbar blow-up at injection for brighter pbars

N
o
o

" Achieved by scraping the proton halo in the = ® Stores w/ mo scraping
. . . o~ fi
Main Injector before accelerating and " 350 | m Stores w/ proton scraping
injecting into Tevatron (start with higher S — fit
intensity beam, scrape to nominal intensity) g soo : #
= TImproved initial luminosity ~3-4% .gzso
= Improved transfer and acceleration £ /
o e . J
efficiencies = s
= Improved dynamic aperture of the machine, £ s —* . .
. . (0] 100 200 300 400
reduced quenchmg (beam fallmg out of Number of antiprotons (stash size) [101°]

machine ca’ras‘rroghicallx}
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Proton intensity [E9] / ( ave H+V emit [pi mm mrad] *

FE
L.

Proton brightness in the Tevatron

450.00 25
[ | [ |
[ |
400.00
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< : -
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o
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5 \
; 200-00 IR X%
g % e 3 RS - 10
a a K BN >fm‘em‘lon&ﬂy X (Changes to
150.00 R X
asking for 10 source output
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100.00 X emittance)
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50.00 Ping _ .
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0.00 __0 T T * T ‘I m T T T - T O
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Removal of aperture restriction

0.99

0.98

0.97

0.96

Proton acceleration efficiency

0.95

0.94

Fraction of protons surviving acceleration in the Tevatron as

a function of antiproton intensity = BO beampipe realigned

A Previous 200 stores

[ |
[ |
m 1 B
A B
A [ |
A A
T T T T T ‘IA T 1
500 1000 1500 2000 2500 3000 3500 4000

Antiproton intensi 10°
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=:{.,.-hOp’rimizing Tevatron Shot Setup Length

= Collider shot setup time reduced from 2.5 to 1.25 hour

= Greatest effect on integrated luminosity when keeping stores for
shorter duration (shooting from smaller antiproton stash)

6:00
ey 90
~ 5:00 = 80
E z
< : a0 5
< 4:.00 L o -
~ AA g 60 -
[='N A wj
I'E i A 'y A E 50
U) 300 ‘L mi) a - A N a A| M 8 40 #
5 it ) ot : S A.J
= RIS TIPS S i S TN n 1 £ 130 .
o 200 it e e Ty ST N j * 1 hr shot setup time
5 a 4 & _‘A: Ly M W ¥ :‘ :I“‘ E 20
=t Ay "I A o —
.o Ll b > 10
- 1:00 = 2
E 8 0 T T T T T T
pm |
fa] 0:00 g 0 100 200 300 400 500 600
5700 5900 6100 6300 6700 6900 Number of antiprotons (stash size) [101°]
Store Number
Nov07 Nov08
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Shot Setup Time Distributions
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8-10 min
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Insert
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from beam
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Recycler RF
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in Main Injector)

Software for
automated
measurements
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settings

Tevatron
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=:,.-h Other consequences of faster shot setup

= More time for stacking, beam to fixed target experiments

Protons on NUMI target during Tevatron shot setup

1o
9 9.07x10% POT
~ 8.81x101 POT
36 8 /
5 y 4 6.64x1016 POT
| 3
£ 5 // /
S // / — base (no shot setup)
w 4 > — original shot setup 2007
% 3 % — shot setup 2009
a« 2 / Impact now only during proton _|
load thanks to sequencer and
1 timeline changes b
0
0 0.5 1 1.5 2 2.5

hours
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# Consistency, reliability

= Shoot from consistent stash size
> Recycler cooling
» Tevatron tunes
= Tevatron stability
» Controlled proton tune (based on antiproton intensity)
» Orbit stabilization

» Controlled antiproton/proton emittance ratio
» Blow-up antiprotons
- Scrape protons
> Removal of aperture restriction near CDF interaction
region
» Monitoring lattice stability

= With stable machine and beam parameters, beam-beam
effects are no problem up to 3.5x1032 cm-2s-!

DPF 2009 Mary Convery - FNAL
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# ImEroved Reliabili’rx After Access

= Recovery after access (~2hr overhead)
» Turn on / check out power supplies

> Dry squeeze (no beam)
* Check out low-p quads which are turned off for collision hall

access
> Wet squeeze(s) (beam) .
* Check/correct orbits 260
- affect setting of 240 _
Tunes/Chromaticity 3 220 |
/Coupling E 200 |—B— A
- Less likely to develop £ 250 )« * No access
problems during shot setup 160 ¥ o e after accesses
130 — fit
s : ?,‘.:h wet squeeze

100

200 250 300 350 400

Stash Size E10
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# Integrated luminosity and store hours per week

801
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#Weekly infegrated luminosity and store length

|

Implemented use of model to optimize integrated luminosity

Store length (hr)

"_é_ - target stash size from model meant shorter store length
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Weekly integrated and initial luminosities

Removal of aperture restriction at CDF,
l mentioned in this talk

Implementation other improvements
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Effective use of available antiprotons
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# Luminosity performance and projections

on track for ~12 fb-! through FY11
even with no further improvements

=
o

9 | currently
6.8 fb1
delivered

N\

7.8 fb!

)

real data for FY02-FYO8

Integrated luminosity (fb!)

have achieved design parameter
goals of Run IT

(O | 1 1

: i 1 | 1 | |
FYO4 FY05 FYO06 FYO7 FYO08 FYO09 FY10 FY11

DPF 2009 Mary Convery - FNAL



# Conclusions

= Model for optimizing integrated luminosity in the Fermilab
Tevatron determines target number of antiprotons for
terminating store and putting in a new one
> Has led to improvement of approximately 35% in integrated
luminosity
= Operational changes have increased overall antiproton
production
» Optimized pbar transfers

» New method for leaving behind a fraction of the antiprotons in
Recycler when extracting for a Tevatron store

= Other recent operational improvements
» Decreasing collider shot-setup time

» Reducing beam-beam effects by making the proton and
antiproton brightnesses more compatible, e.g. scraping proton
beam to smaller emittance

> Efforts towards consistency, reliability
= Still pushing to get as much luminosity as we canl
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